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Chapter One
Introduction

1

2
Background

Blackwater streams are the most common stream type in the Southeastern Atlantic
Coastal Plain (Wharton 1977). The flat topography of the region, mostly sandy soils, and
the extensive, productive floodplains generate sluggish streams that carry few suspended
solids (Smock and Gilinsky 1992), and have low buffering capacity (Wharton 1977,
Wharton et. al 1982) and nutrient loads (Beck et al. 1974, Cai and Wang 1998). High
seasonal variation in flow due to increased precipitation and lack of evapotranspiration
during winter months allows for inundation of floodplain areas and decomposition of
detritus, typically in the form of leaf litter, resulting in an increase in dissolved organic
compounds (Mulholland and Kuenzler 1979, Meyer et al. 1997). High levels of these,
primarily humic and tannic acids, give blackwater streams their characteristic dark color.
Heavy acid inputs coupled with the poor buffering capacity (except in spring fed streams)
result in a reduction of pH. In some cases, the pH may be as low as 3.5 and commonly
between 4 and 4.5. Acidity levels this low have negative effects on many fishes;
nevertheless, these streams maintain a diverse fish fauna.

Blackwater streams have been shown to have higher fish diversity than alluvial streams in
the same region (Smock and Gilinsky 1992, Brownlow and Bolen 1994). Fish
assemblages in blackwater streams have been related to hydrologic events like seasonal
flooding (Ross and Baker 1983), habitat structure (Benke et al. 1985, Meffe and Sheldon
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1988, 1990, Snodgrass and Meffe 1999), and forage type and diet (Desselle et al. 1978,
Sheldon and Meffe 1993). Additionally, fish assemblages in this region are highly
variable, differing between nearby blackwater streams (Pardue et al. 1975). Many habitat
and behavioral characteristics influence assemblage structure, but few have implicated
local acidity as a factor in determining fish distributions within the coastal plain. Because
high acidity is a major characteristic of blackwater streams in Georgia (Wharton et al.
1977, Smock and Gilinsky 1992), this review will emphasize, when possible, the effects
of acidity on the fishes found in the Atlantic Coastal Plain.

Physiology
The primary site for ion and osmoregulation in fishes is across the gills (Claibome 1998).
The mechanisms by which freshwater fishes maintain proper blood pH are only
moderately understood. Freshwater fishes are thought to eliminate excess H in exchange
for Na+ via electroneutral exchanges across the apical membrane of the pavement cells of
the gill lamella (McDonald 1983). Sodium-hydrogen exchanger (NHE) proteins are
thought to actively transport H+ from the cells in exchange for Na+ ions. These Na+ ions
may also passively cross the membrane through gated sodium channels (McDonald 1983,
Claibome 1998). Chloride cells along the gill filaments aid in ionoregulation through
exchange of Cl" for HCO3". In response to blood acidosis, fishes increase their secretion
of H+ by increasing the number of NHE proteins in the apical membrane of the pavement
cells and altering gill morphology such that contact of chloride cells to the environment is
reduced, limiting loss of bicarbonate (Goss et al. 1997). Acidic environments have been
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shown to increase gill ion permeability (Freda and McDonald 1988) resulting in the net
uptake of hydrogen ions across the gills. Acidic water also causes a decrease in sodium
uptake (McDonald 1983). In order to compensate for ion loads, fishes must increase
active transport of ions into the environment (Perry and Laurent 1989) and close tight
junctions between chloride cells (McDonald et al. 1991). McDonald et al. (1991) found
that upon exposure to low pH, the banded sunfish (Enneacanthus obesus) exhibited a
morphological change in gill structure from "long and thin" to "short and stubby," which
they suggest is an adaptation to low pH environments. This morphological change
operates to minimize ion loss by closing paracellular junctions. By utilizing transport
mechanisms and morphological changes at the gills, members of the genus Enneacanthus
have evolved to tolerate extremely low pH environments.

Reproduction and Growth
Sunfish production (overall increase in young-of-the-year fish) decreases as a result of
low pH (Murad and Boyd 1991, Jarrett et al. 1993, and Stallsmith et al. 1996). Jarrett et
al. (1993) and Stallsmith et al. (1996) found that Wisconsin lakes with poor buffering
capacity suffered severe acidotic episodes that were strongly correlated with rainfall.
Sunfish recruitment and juvenile growth rate in these lakes was shown to be lower than
lakes with higher buffering capacity of the same region. Murad and Boyd (1991) found
that Lepomis macrochirus production in acidic ponds was reduced as pH decreased (7.9
to 5.7). Newly hatched embryos of L. macrochirus and L. gibbosus show increased
mortality at pH 4.5 and 4.25, respectively (Graham and Hastings 1984) compared to those
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reared under higher pH (4.75 and 5.0). Gonzalez and Dunson (1991) found that growth
of Enneacanthus obesus was not affected at pH>4.0 while growth of its closely related
congener E. gloriosus was shown to decrease at pH<4.5. The results of both Graham and
Hastings (1984) and Gonzalez and Dunson (1991) indicate that only acid tolerant species
may be able to reproduce effectively under low pH conditions due to limited growth or
condition of less acid tolerant fishes.

Behavior
Investigation into the behavior of sunfishes responding to pH changes is rare. Selection
for preferred pH has only been attempted in two studies. Peterson et al. (1989) tested ten
species representing six families, none of which were centrarchids, in an experimental
gradient (pH=4.0-7.5) and found most species avoid pH less than 4.5. Serafy and Harrell
(1993) used a two chamber gradient (high versus neutral pH) to test avoidance of high pH
combined with high and low levels of dissolved oxygen by Lepomis macrochirus,
Fundulus diaphanus, and Morone saxatalis. They found that all three species exhibit a
significant avoidance of pH 9.5-10.0 but not when high pH was coupled with high
dissolved oxygen. Operant learning has also been shown to be retarded in goldfish
acclimated to low pH (Garg and Garg 1992), and detection of food availability is
depressed in arctic char (Jones et al. 1985). These results indicate that behavioral changes
occur in response to changing pH. Fishes not able to tolerate low pH environments may
have reduced competitive abilities as a result of these behavioral changes.
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Distributions
The physiological responses of fishes to low pH has been reviewed by several authors
(Booth et al. 1988, Hiesler 1997, Claibome 1998) but few authors have focused on the
ecological aspects of fish distributions in relation to low pH. The first study to correlate
sunfish distributions with pH was Graham and Hastings (1984). In the New Jersey
coastal plain, they showed that Enneacanthus obesus and E. chaetodon were limited to
acidic waters where Lepomis macrochirus and L. gibbosus were widespread but rarely
found to have established populations in acidic waters. Taylor et al. (1993) correlated
four Lepomis species with abiotic factors such as low conductivity and high alkalinity in
Oklahoma streams but did not address their relationship to pH specifically, though high
alkalinity is often associated with higher pH.

Many studies have assessed the tolerance abilities of fishes to low pH (Ellgaard and
Gilmore 1984, Frasier and Harvey 1984, Gonzalez and Dunson 1989, Gonzalez and
Dunson 1991, and Gonzalez and McDonald 1994). The majority of these studies
concentrate on fishes sensitive to acidic conditions (salmonids, cyprinids, cottids, and
percids). Gonzalez and Dunson (1989) found Enneacanthus obesus to be one of the most
acid tolerant of fishes known (lethal pH=3.3). The experimentally determined values for
other sunfishes are largely unknown. The lethal limit for Lepomis macrochirus was
determined to be 3.5 (Ellgaard and Gilmore 1984) and for L. gibbosus 4.0 (Frasier and
Harvey 1984). These results coincide with the findings of Graham and Hastings (1984)

and the qualitative data obtained in Jenkins and Burkhead (1993) who deem Lepomis
macrochirus as moderately tolerant to low pH and L. auritus as intolerant. The lack of
data illustrates the need for more work in quantifying tolerance limits for each sunfish
species and further quantification of sunfish assemblages in relation to pH in the field.

Sunfishes

Sunfishes (family Centrarchidae) are a group of fishes common throughout eastern North
America (Mettee et al 1996). They have been widely introduced throughout western
North America, Central America, Europe and Africa, due to their popularity as sport and
food fishes. Their aggressive nature, high fecundity, and few habitat constraints allow
them to successfully establish new populations in short periods, often at the expense of
indigenous fishes. Because sunfishes are a dominant group of fishes in most river systems
of eastern North America and the conservation issues that arise from their introductions;
the life histories of these fishes are of scientific interest and may aid in conservation and
management decisions involving aquatic habitats.

The family Centrarchidae consists of seven genera, six of them native to eastern North
America and is comprised of 30 known species. The genera can be grouped into three
general categories: the basses (Ambloplites and Micropterus), the crappies (Pomoxis), and
the sunfish (Acantharchus, Centrarchus, Enneacanthus, and Lepomis). In coastal plain
streams originating below the fall line of Georgia, the basses and crappies are typically
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absent or occur only sporadically, while the sunfishes (primarily Lepomis) are typically
dominant, Acantharchus and Enneacanthus being limited exclusively to the coastal plain.

The sunfishes have deep, compressed bodies with a dorsal fin composed of two parts, the
anterior portion having hard spines and the posterior with soft rays. There are also spines
in the anal fin which give this family its name (kentron= spine, archos= anus). The
basses tend to be the most distinctive of the sunfishes due to their elongated body with a
lack of compression, and large mouths. The crappies are easily identified from other
sunfishes by their more upturned mouth and general silhouette.

The members of this family tend to be solitary predators that ambush prey from structures
such as submerged vegetation, overhanging banks, snags, etc. Most adult sunfishes are
solitary except during breeding when they aggregate in shallow water for spawning
(Metee et al. 1996). During this time, males of the genus Lepomis become especially
colorful thus the name, sunfish.

Spawning activity usually begins in March or April and lasts through the summer (Etneir
and Stames 1993). Males of most species establish and defend territories where they
excavate a depression for nesting. They then defend and maintain the depression
throughout the breeding season, protecting the newly hatched fry for a short period (Etnier
and Stames 1993). Males often spawn with two or more females during the breeding
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season (Breder 1936). Due to the similarity in breeding substrates and behaviors many
species, primarily Lepomis, may hybridize (Mettee et al. 1996, and Etnier and Stames
1993).

Of the family, the Lepomis is probably the most extensively studied, due to their
abundance, commercial value, and the ease at which they are kept in the laboratory.
Typically, Lepomis and Enneacanthus accept commercial flake foods almost immediately
and adjust to most aquarium situations readily. They can be kept at normal oxygenation
and filtration levels without special attention to water quality. Because they are
aggressive and somewhat territorial, they should be separated into size classes and housed
in numbers relative to their size such that spatial disputes do not occur. Overall, these
fishes are easily maintained under laboratory conditions, therefore they are good
organisms for use in controlled studies.

Objectives
Many habitat and behavioral characteristics influence assemblage structure, but few
studies have implicated local acidity as a factor in determining fish distributions within
the coastal plain. Sunfishes are a dominant group in this region and can be found
throughout, including waters where the pH is lower than levels at which most other fishes
are able to maintain internal homeostasis. Because fishes differ in their abilities to
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tolerate acidity, their distributions may be limited to water at which they are able to
function normally.
The need exists for studies that quantify relationships between fishes and pH under
natural conditions. Supporting laboratory studies are also necessary and may serve to
illustrate the mechanisms driving the relationships observed in the field
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The influence of low pH on sunfish distributions: field and laboratory evidence.
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Abstract
Studies have indicated that the distributions of many fishes are affected by pH.
Blackwater streams are typified by low pH and the fish assemblages are often dominated
by sunfishes. Streams representing three river drainages within the coastal plain of
Georgia were sampled in order to determine the distributions of sunfishes in relation to
pH. Patterns of distribution were analyzed using detrended correspondence analysis
(DCA). The first DCA axis accounted for 24.8 % of the variation between sites and
described an environmental gradient of decreasing pH. Occurrences of Enneacanthus
obesus and Centrarchus maculatus were more common at sites with high DCA scores
(i.e. low pH) while Lepomis macrochirus, L. marginatus, L. gulosus, L. auritus, and L.
microlophus were associated with lower scores. A laboratory experiment was performed
in conjunction with the field study to determine preference for pH region by three species
of sunfish, E. obesus, L. macrochirus, and L. marginatus. Each fish was presented a
choice between a relatively high, intermediate, and low pH region within a behavioral
arena. Both Lepomis species were observed to significantly avoid regions of low pH
while E. obesus did not exhibit a preference. The behavior observed in the laboratory are
consistent with patterns of distribution observed in the field. I have demonstrated that
acidity influences the behavior of fishes, which may, in part, determine assemblage
structure.
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Introduction

Reduced pH has been shown to affect fishes at many levels. Assemblage composition
can be changed and diversity reduced (Rahel and Magnusson 1983, Matusek et al.
1990), in some cases allowing for the proliferation of other fishes (Graham and Hastings
1984, Graham 1993). Fish behavior is affected by environmental acidification (Jones et
al. 1985, Peterson et al. 1989, Garg and Garg 1992, Serefy and Harrell 1993). Arctic char
subjected to pH below 5.0 exhibited reduced activity and lowered attraction for food
extract (Jones et al. 1985). Operant learning in goldfish decreases as a result of lowered
pH (Garg and Garg 1992). Lepomis macrochirus, Fundulus diaphanus, and Morone
saxatalis given a choice between near neutral (8.0) and high pH (10.0) chose to avoid
high pH unless that area was coupled with high levels of dissolved oxygen (Serefy and
Harrell 1993) and members of several families, gasterosteids, salmonids, cyprinids,
catastomids, fundulids, and percids, allowed to swim within an artificial pH gradient
significantly avoid pH less than 4.5 (Peterson et al. 1989). Acidity may suppress
reproduction as well as growth of many fish species (Stevenson et al. 1969, Weiner and
Hanneman 1982, Murad and Boyd 1991, Jarrett et al. 1993, Stallsmith et al. 1996). The
physiological capabilities of individuals to ionoregulate under acid stress has been
reviewed by Fromm (1980) and Goss et al. (1992). These reviews concluded that a pH
of 5.0 or less is typically stressful if not lethal to many groups of fish. As stated
previously, most of these studies focused on acid sensitive fishes from environments
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where low pH is not a natural occurrence. Few have documented the use of naturally low
pH environments as can be found in blackwater streams.

Blackwater streams are the most common stream type in the Southeastern Atlantic
Coastal Plain (Wharton 1977). The flat topography of the region, mostly sandy soils, and
the extensive, productive floodplains generate sluggish streams that carry few suspended
solids (Smock and Gilinsky 1992), and have low buffering capacity (Wharton 1977,
Wharton et. al 1982) and nutrient loads (Beck et al. 1974, Cai and Wang 1998). High
seasonal variation in flow due to increased precipitation and lack of evapotranspiration
during winter months allows for inundation of floodplain areas and decomposition of
detritus, typically in the form of leaf litter, resulting in an increase in dissolved organic
compounds (Mulholland and Kuenzler 1979, Meyer et al. 1997). High levels of these,
primarily humic and tannic acids, give blackwater streams their nominally characteristic
dark color. Heavy acid inputs coupled with the poor buffering capacity (except in
spring-fed streams) result in a reduction of pH. In some cases, the pH may be as low as
3.5 and commonly between 4 and 4.5. As stated previously, these acidities have
negative effects on many fishes; nevertheless, these streams maintain a diverse fish
fauna.

Blackwater streams have been shown to have higher fish diversity than alluvial streams
in the same region (Smock and Gilinsky 1992, Brownlow and Bolen 1994). Variation in
fish assemblage composition in blackwater streams has been related to hydrologic events
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like seasonal flooding (Ross and Baker 1983), habitat structure (Benke et al. 1985, Meffe
and Sheldon 1988, 1990, Snodgrass and Meffe 1999), and forage type and diet (Desselle
et al. 1978, Sheldon and Meffe 1993). Additionally, fish assemblages in this region
often differ among blackwater streams separated by only short distances (Pardue et al.
1975). Many habitat and behavioral characteristics influence assemblage structure, but
few have implicated local acidity as a factor in determining fish distributions within the
coastal plain. The objectives of this study were to determine 1) the importance of pH on
fish assemblage structure in blackwater streams, and 2) whether fishes prefer particular
pH regions under controlled conditions. If there is corroboration between the two parts
of this study, I will have established pH as a factor in determining fish assemblages in
blackwater streams.

Study Organisms
Common to all of eastern North America, the sunfishes (family Centrarchidae) are a
dominant group both by number of species and abundance of fishes in coastal plain
streams. Three of seven genera, Centrarchus, Enneacanthus, and Lepomis were chosen
for study. Members of all three genera are primarily insectivores often associated with
vegetation or other structure in shallow streams and backwater areas. They also have
similar reproductive strategies and morphologies. All three Enneacanthus species and
several Lepomis species have been subjects of laboratory experiments associated with
acidity by other authors, so some published data are available (Table 1). Of particular

22
interest to this study is Enneacanthus obesus which has the lowest reported lethal pH of
any studied North American freshwater fish (Gonzalez and Dunson 1989) and all
members of this genus are able to tolerate acidic water (Table 1). Because most work
done has been in the laboratory, very little is known about how sunfishes tolerate acidity
under natural conditions. Only one study has quantitatively determined relationships
between sunfishes and pH in the field (Graham and Hastings 1984) and the only other
published information is qualitative (Table 1). Graham and Hastings (1984) found that
in the New Jersey pine barrens, Enneacanthus obesus and E. gloriosus are more
commonly associated with lower pH and can be found as low as 3.7 and 4.1 respectively,
while the members of Lepomis were not present in areas with pH less than 4.5. Because
this is the only study to use natural pH as an influence on sunfish assemblages, work is
required to substantiate the findings of Graham and Hastings (1984) throughout the
southern portion of the Atlantic Coastal Plain.
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Methods

Use of low pH environments by sunfishes under natural conditions

Fishes were collected from tributaries of the Ogeechee, Canoochee, and Savannah rivers
in southeast Georgia. Collection sites were selected prior to collection from a map of a
given area or direction from Statesboro, GA, such that a sampling route was determined.
Low order streams were selected for sampling consistency, primarily because a more
complete collection could be made in shallower water. These streams were also less
likely to be under heavy human interference. Streams fed by human impounded ponds
were eliminated from consideration because stocked fishes could wash out of ponds into
streams, resulting in an inaccurate depiction of true assemblage structure. All streams
were sampled in an upstream direction. If a stream was dry, the nearest road crossing
downstream was determined and a collection was attempted at that point. Following a
successful collection, I proceeded to the next site along the route. Streams were sampled
using a Smith-Root Inc. Model-12 backpack electro fisher at a setting of 800 to 1000
volts at 60 Hz. Shocking time varied from 393 and 1972 total seconds depending on
stream size.

All collected fishes were identified to species, counted and species abundances were
determined for each site. Sunfish representative of three species, Enneancanthus
obesus, Lepomis marginatus, and L. macrochirus, were transported to the laboratory for

experimental use. All other identifiable fishes were released. Unidentifiable individuals,
typically juveniles or hybrids, were preserved in 10% formalin after being anesthetized
by the addition of approximately 5g of Finquel brand tricaine methanesulfonate (ms222). In the laboratory, these specimens were identified to species using taxonomic
keys.

Environmental data were collected at all sites including pH, temperature, depth, and
current. Temperature and pH were measured on site using a Coming 314
pH/conductivity meter. An average of three readings per site was used for analysis.
Maximum depth was either measured using a meter stick or estimated. Current was also
estimated and given a qualitative score: slack(l), slow(2), moderate(3), or fast(4).
Conductivity, carbonates (total hardness), and dissolved oxygen were measured at some
sites.

To determine the influence of environmental variables on assemblage structure, species
abundance data were analyzed by detrended correspondence analysis (DCA) using the
program CANOCO (ter Braak and Smilauer 1998). This method was chosen over other
linear, multivariate methods such as principle components analysis (PCA) or differential
functions analysis (DFA) due to its ability to detect unimodal relationships in the data
without regard to any particular environmental variable or group of variables. This is a
preferable method when analyzing abundance data because many organisms do not show
a linear relationship along any given environmental gradient or suite of gradients (ter
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Braak and Simlauer 1992). Instead, they tend to be heavily distributed around a
particular area of that gradient and less associated with environmental extremes. Linear
methods like PCA and DFA may not detect or may misrepresent some of these
relationships, resulting in a less than accurate interpretation of the data. Variation in site
scores produced by DCA for each axis was explained by linear regression with individual
environmental variables. Although there were no significant correlations between any
two of the environmental variables measured, multiple regression was not used so that
any possible independence problems were avoided.

In order to substantiate the interpretation of the DCA, I correlated species abundances
with the individual environmental variables. This was done primarily to determine the
impact of sites where no fishes were present. Because DCA ordinates sites based on
similarity in the species data, sites with no fishes have the same similarity to every other
site in the analysis and therefore add noise to the result. Raw abundance data were
correlated with each of the environmental variables without standardization for sampling
effort. Analyses were also repeated using abundance data standardized for sampling
effort but statistical outcomes were unchanged.

Selection for pH under controlled conditions.

Wild-caught sunfishes representing the species Enneacanthus obesus, Lepomis
marginatus, and L. macrochirus were tested for pH preference within a behavioral arena.

E. obesus and L macrochirus were chosen because they are well studied and represent
an acid tolerant and intolerant species, respectively. L. marginatus was chosen as a
common species that has been poorly documented in previous studies. Individual fish
were presented a choice between high and low pH in treatment groups or similar pH in
control groups within a behavioral arena.

The behavioral arena consisted of a 38-1 aquarium with a glass partition 31cm in length
and of equal height as the aquarium walls centered along its longer axis and sealed in
place using adhesive silicon (Figure 1). Mesh barriers were sealed in place 15 cm from
the upstream end of the arena to prevent fishes from choosing water of minimal,
opposite, or transverse currents and to create three regions of equal volume. Water was
mixed to relatively high (6.0) and low (3.5) pH in treatment trials or 6.0 in control trials
by the addition of 1 % 36 N H2SO4 to dechlorinated tap water and stored in two 200 liter
mixing drums. During trials, water was introduced directly into the arena via 1.27 cm
diameter aquarium tubing through two holes, one on each side of the partition, cut 5 cm
from the bottom of the aquarium. Two holes were cut opposite these and drained by
1.27 cm diameter aquarium tubing. Flow rates of 3 liters per minute were maintained
passively throughout the experiment. This rate was chosen because it was the lowest
flow that would maintain a continual division of three regions of pH and a depth of
10cm. These regions were labeled high (H), mix (M), and low (L). The high and low
regions were the areas on either side of the partition where water was introduced. The
pH was measured at seven points within the arena immediately prior to and following
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each trial. The high region varied between 5.75 and 5.92 at the point immediately
downstream from the mesh barrier. The low region typically ranged from 3.68 to 3.82
measured at the barrier. In only one trial (L. marginatus treatment, n=14), the pH was
observed to change more than 0.1 pH unit at these points so it was eliminated from
further analysis. The mix region was that area of the arena where water from both the
high and the low regions mixed before it was drained. The mix region characteristically
had an intermediate pH that varied according to current and turbulence inside the arena.
The most variable area within the mix region occurred at the end of the glass partition,
fluctuating between 4.0 and 5.4. A black line was drawn perpendicular to the end of the
partition on the underside of the arena in order to delineate the three pH regions. The
four sides of the behavioral arena were covered so that fish were not able to see outside.
White plastic was placed beneath the arena to provide contrast while observing fish from
above.

A total of 25 individuals for each of the three sunfish species were tested for pH
preference. The members of each species were divided into control groups of 10 fish and
treatment groups consisting of 15 fish. All fish were initially acclimated for a 24 h
period no more than four at a time to a pH of 6.0 in a 38-1 aquarium similar to the one
used as the behavioral arena except that no holes were cut in either end. Water did not
flow through the acclimation chamber because I did not have access to a quantity of
dechlorinated water sufficient to maintain flow for this amount of time. Individual fish
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were selected on a haphazard basis immediately prior to transfer into the behavioral
arena.

Fish were introduced into an arena where water had been flowing for at least ten minutes
so that the three pH regions were established. The region within the arena where fish
were introduced was determined at random. Treatment groups were presented the choice
of high and low pH. The control groups were given water of the same pH on both sides
of the partition. After each fish was released into the arena, a video recording was begun
and the room was evacuated in order to minimize disturbances to fish behavior by
motion or sound outside the arena. Fish were allowed to swim freely for thirty minutes,
at which point they were removed from the arena and video recording was halted. In
order to eliminate a preference for a particular side of the arena, the high and low regions
were alternated every other trial. After its trial, each fish was measured for total length
and mass and then returned to an aquarium for recovery before return to the wild. Fish
were only used once during the experiment.

Videotapes were reviewed to determine the amount of time spent in each of the three
regions by each fish. A fish was determined to enter a new region as soon as its mouth
had crossed the line drawn perpendicular to the partition. The times which fish were
observed to reside within each region were converted to percentage of the total time
during the trial for analysis.
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Paired t-tests were used to determine differences in time spent between regions. This
method was chosen to maintain independence of the regions within the analysis.
Analyses involving all three regions simultaneously could not be conducted because the
regions were not independent. By analyzing only two of the three regions in a paired
analysis, I were able to maintain enough independence and still have the power necessary
to draw valid conclusions. Paired analyses were conducted in a stepwise manner such
that the first test performed was between the high and low regions in treatment trials and
those corresponding to high and low in control trials. These were of primary interest and
were less variable than the mix region. The second analysis was chosen post hoc on a
species by species basis. This was done by examination of histograms of percent time
spent in each of the three regions (Figures 3, 4, 5). The two regions that seemed most
likely to be different were chosen. This was necessary due to the limitations imposed by
Bonferroni corrections to the Type I error. I rejected the null hypothesis of no difference
at a level of 0.0125 in the initial tests and sequentially doubled it in the following two
comparisons (Sokal and Rohlf 1995).
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Results
Use of low pH under natural conditions
A total of 54 sites were sampled in this study. The mean depth was 0.9 m and current
was primarily slow. The mean temperature ranged from 10.7 and 32.50C depending on
the season. The pH of these sites ranged from 3.60 to 8.49 with a mean of 5.62 and the
mean conductivity was 114.8 mV. Dissolved oxygen and carbonates were measured at
only 18 sites with means of 6.1 ppm and 16.5 ppm CaCOs respectively.

Nine species of sunfish were captured during this study. The most common of these
were Lepomis macrochirus and L. marginatus with a mean of 2.5 and 2.3 individuals per
site, respectively. L. gibbosus and Enneacanthus gloriosus were recorded at only one
site each. Because of their rarity both of these species were eliminated from further
analysis. The mean number of captures per site for each species in this study are
indicated in

Table 3.

Species abundance data from 38 of the 54 sites sampled were used to determine the
influence of pH and other environmental variables on the sunfishes of the coastal plain of
Georgia. The remaining sixteen sites were eliminated from this analysis because no
sunfishes were collected at these locations.

DCA produced four axes accounting for a total of 49.1% of the overall variation in the
species data. The first two of these explained 41.1% of the variation and both had
lengths greater than 3.5 (Table 2). Axis scores are based on the differences in standard
deviations among sites so an axis length of 4.0 indicates a difference of four standard
deviations thus, a complete turnover in species composition along the axis. The third
and fourth axes together accounted for 7.4% of the variation and neither of these had a
length greater than 3.0. Because of this, axes three and four were not were not
considered further.

The first DCA axis accounted for 24.8% of the variance in the species data with a length
of 3.71. Occurrences of Enneacanthus obesus and Centrarchus maculatus were more
common at sites with high DCA scores while Lepomis gulosus, L. macrochirus, L.
auritus, and L. microlophus were associated with lower scores (Figure 2). L. marginatus
was more common at sites with more intermediate scores. No significant relationship
between this axis and the occurrences of L. punctatus could be determined. Linear
regression indicates that there is a significant negative relationship between the
ordination of sites and pH (R2=0.3, p<0.001) such that axis 1 explains a gradient of
decreasing pH. Species that show an association with lower scores on this axis occurred
more commonly at sites with higher pH and conversely, those associated with higher
scores occurred more commonly at sites with low pH. There were no significant
relationships between this axis and any of the other environmental variables.
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The second DC A axis accounted for an additional 17% of the variation among sites and
had a length of 3.3. Enneacanthus obesus and Lepomis gulosus were associated with
low DCA scores, Centrarchus maculatus with high scores, and L. marginatus was
somewhat intermediate. None of the other species included in the analysis were found to
have a significant relationships with the second axis. The ordination of sites along this
axis was not significantly explained by any of the environmental variables measured in
this study.

To substantiate the interpretation of the DCA, species abundances were correlated with
pH (Table 3). Spearman rank correlations were used due to non-normality in the
abundance data. The analysis shows that of the eleven species in the family
Centrarchidae, two species, Enneacanthus obesus and Centrarchus maculatus were
negatively correlated with pH, three species, Lepomis macrochirus, L. punctatus, and L.
microlophus were positively correlated. The remaining three species show no significant
association. These results indicate that E. obesus and C. maculatus were associated most
commonly with lower pH while L. macrochirus, L. punctatus, and L. microlophus were
more abundant at sites with a higher pH. L. auritus showed a trend toward higher pH
but there was not a significant relationship for this species. L. marginatus was not
correlated with pH possibly due to its association with sites of intermediate pH as seen
along the first DCA axis. Again, no significant relationships were found between any
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species and the other environmental variables measured. The results of these analyses
are congruent with those of the first DCA axis.

Preference for pH region under controlled conditions

Enneacanthus obesus, Lepomis marginatus, and L. macrochirus were presented a choice
between two pH regions within a behavioral arena (Figure 1). There was a significant
difference in mass among the three species (Kruskal Wallis AOV, H= 35.385, df= 2,
p<0.001). E. obesus used in this study were significantly smaller than either of the other
two species (Dunn's pairwise comparisons, p<0.05). There was not a significant
difference in mass between L. marginatus and L. macrochirus. As would be expected, a
similar situation existed when lengths were compared (AOV, F= 37.80, df = 2, p<0.001).
E. obesus were shorter than both of the other species and in this case L. marginatus were
significantly shorter than L. macrochirus (Tukey pairwise comparisons, p<0.05).

For each fish, the time in seconds spent within each region was used for analysis. In
control trials, there were no significant differences in time spent between any of the
regions for any of the three species (Table 4). During treatment trials, Enneacanthus
obesus did not demonstrate a preference for a particular region. There was not a
significant difference between time spent in low and high pH regions by the E. obesus
treatment group (Wilcoxon signed rank test, W= -23.00, p=0.455). There were no
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significant differences in either of the remaining pairwise comparisons after Bonferroni
corrections.

Lepomis marginatus and L. macrochints were both observed to significantly avoid
regions of low pH (Wilcoxon signed rank test, W= 93.00, p=0.002 and paired t-test, t= 6.036, df=14, p<0.001, respectively). Additionally, both species spent significantly more
time in the high region than in the mix regions (W= 99.00, p<0.001 and t= -4.53, df= 14,
p<0.001, respectively). There were no differences between times spent in low and mix
regions for either of these species.
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Discussion
The family Centrarchidae is reported to be more flexible in their tolerance of
environmental extremes such as reduced pH (Frasier and Harvey 1984, Matuszek et al.
1990, and McDonald et al. 1991) or low oxygen (Gonzalez and McDonald 1994) than
other groups of fishes, e.g. cyprinids, salmonids, or percids. This is particularly true in
the southeastern coastal plain where the environment can be quite variable and the
extremes just mentioned are common (Smock and Gilinsky 1992). Sunfishes, however,
are ubiquitous in the near absence of other groups (Swift et al. 1986). Their plasticity
allows them collectively, to inhabit a wide range of environmental regimes and exploit
new or unused resources. I have shown that sunfishes themselves vary in their use of the
environment based on a natural gradient of acidity.

My results suggest that acidic conditions are responsible for much of the among species
variation in sunfish assemblages. The pH ranges for each species found here agree with
the limited data available (Table 1) and indicate that the species are inhabiting different
levels of acidity. Enneacanthus obesus and Centrarchus maculatus are the only species
found in the lower pH areas, more species being added to the assemblage with increasing
pH. E. obesus and C. maculatus do not occur as the pH approaches neutral. These
results agree with the reported data obtained from the literature and indicate that there is
a decrease in diversity as pH decreases. Not only does the assemblage composition
decrease with acidity but it changes as well.
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A nearly complete turnover in assemblage composition was observed with decreasing
pH. This was evident in the length of the first DCA axis (Table 2). Enneacanthus
obesus and Centrarchus maculatus were more commonly associated with low pH sites
while all of the Lepomis species were associated with higher pH. The Lepomis species
also sort out along the first axis though less clearly due to the higher degree of overlap in
species curves (Figure 2). Lepomis marginatus and L. macrochirus tend to be associated
with slightly lower pH than their congeners. Correlation analysis of the same data
support the interpretation of the DCA almost completely (Table 3). Again, E. obesus and
C. maculatus are correlated with low pH while the Lepomis species are either associated
with high pH or had no significant correlation. No contradictory results were observed,
so I feel that the interpretations of the DCA are valid and accurate. In the case of
Lepomis marginatus, the power of DCA over other linear methods is evident.
Correlation analysis indicates that no relationship exists between L. marginatus and pH
when in actuality this species exhibits a unimodal relationship most commonly
associated with intermediate pH. In this case, first-order linear methods fail to indicate a
relationship which actually exists.

The pH ranges observed and the interpretations of the DCA agree with previous studies
that report decreases in fish diversity resulting from acidification (Rahel and Magnusson
1983) and confirms shifts in species composition as a result of decreasing pH (Graham
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and Hastings 1984 and Graham 1993). In the New Jersey pine barrens, a shift was
observed from Enneacanthus obesus at the lowest pH areas to E. gloriosus and E.
chaetodon at slightly higher pH to Lepomis gibbosus and L. macrochirus at the highest
with limited overlap (Graham 1993). My results confirm aspects of this work and
demonstrate that in the coastal plain of Georgia, acidity not only reduces fish species
diversity but causes assemblage composition to change almost completely.

The behavior observed in the laboratory experiment indicates that changes in species
composition may be due to an active avoidance of acidic areas. The acid tolerant
species, Enneacanthus obesus, did not exhibit a preference for a particular pH region
where both Lepomis species chose to reside in the higher pH areas, significantly avoiding
lower pH. Given their demonstrated avoidance of low pH in the laboratory and the
associations observed in the field, the Lepomis species are leaving habitat vacant that can
then be utilized by other fishes.

These results suggest that acid tolerant species like Enneacanthus obesus may be able to
exploit resources not available to other sunfishes who are actively avoiding these
habitats. The question then arises, if E. obesus does not demonstrate a preference for any
particular pH why is it found at only sites with low pH and not at higher ones? Werner
and Hall (1976) found that when Lepomis cyanellus, L. macrochirus, and L. gibbosus
occurred together they are found in different habitats and feed on different invertebrates.
When two of the three species are absent, the remaining species will at least partially use
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the habitats that would otherwise be used by the other species. The results of this study
seem to suggest a similar situation may exist among the sunfishes in the coastal plain
with pH as the limiting factor rather than space. To determine whether this relationship
exists, further examination into the competitive interactions between the members of
Centrarchidae is necessary.

Although acclimation of E. obesus in the laboratory to a pH higher than those at which it
was captured may have resulted in the lack of preference by this species due to the
alleviation of physiological stress, I chose to maintain a consistent acclimation pH
among all three species. This allowed me to make clear comparisons between species
without the effect of different acclimation regimes. By acclimating E. obesus to higher
pH I may have obscured a preference for the low pH region but a clear preference would
have only served to strengthen my argument.

The lack of association between any of the environmental variables other than pH and
the first DCA axis, along with no clear interpretation of the second DCA axis may
suggest that there were important factors in these environments that were overlooked
during this study. Biotic components of these environments, aside from fishes, were not
accounted for here. There may be interactions of the fish assemblages with biotic factors
such as vegetation type and abundance, type and amount of structure, or food
availability. Many sunfishes are commonly associated with dense vegetation (Mettee et
al. 1992). The amount and type of available structure is important in determining the
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fish assemblages in blackwater streams (Meffe and Sheldon 1988). Sunfish distributions
are also related to food availability (Desselle et al. 1978, and Sheldon and Meffe 1993).
It is likely that these biotic factors which I did not consider are influenced by pH. If
acidity is affecting fish assemblages as I have shown, it may also have similar impacts on
other biota. For example, invertebrate assemblages may be changing in response to
acidity as has been shown with Coleoptera in Wisconsin wetlands (Lillie 1991).
Enneacanthus obesus and other acid tolerant fishes could be cueing on food resources
more common to low pH habitats that remain unavailable to their direct competitors.
Even if invertebrate assemblages are not changing, E. obesus and Centrarchus
maculatus have access to prey with limited interference from other sunfishes.

Enneacanthus obesus and Centrarchus maculatus may also be gaining access to spatial
resources like breeding sites. Spawning of either of these species has not been observed
in nature and only one study has described spawning of Enneacanthus in the lab
(Harrington 1956). Acidity has been shown to slow growth and lower condition of
juvenile Lepomis (Wiener and Hanneman 1982). If these acid tolerant species are able to
spawn and juveniles are able to grow normally under acidic conditions, pressures
imposed by other fish species may be alleviated. However, Graham and Hastings (1984)
indicate that this is probably not the case. Free swimming embryos of Lepomis
macrochirus and L. gibbosus did not show significant changes in mortality when
subjected to pH 4.5 and higher. They suggest that trophic differences among species are
responsible for changes in fish assemblages, implicating a change in prey type between
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distrophic (stained) and eutrophic (clear) water which they found to be associated with
acidity. They suggest that prey available to juvenile sunfish shifts from phytoplankton in
the water column to benthic invertebrates or those associated with vegetation as the
environment becomes dystrophic. Because dystrophic water is due to high levels of
dissolved organics, tannic and humic acids in blackwater, Graham and Hastings (1984)
imply as I discussed above, that changes in acid levels may have similar effects on
invertebrate assemblages as both studies observed it to have on fishes.

Because sunfishes are common to much of North America and range in their ability to
tolerate environmental extremes, they provide a good model for studying the
relationships between fishes and their environments. Regardless of the particular
mechanisms underlying the associations and behaviors observed, this study has
demonstrated that changes in acidity is affecting habitat choice by individuals thus
influencing assemblage structure.
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Table 1: The published experimentally determined lethal limits and minimum pH at
which sunfish species were collected in the field. Also shown are the maximum and
minimum pH at which each species of sunfish have been collected during this study.
Species

Experimental
lethal pH

Centrarchus maculatus
Enneacanthus obesus
Enneacanthus gloriosus
Enneacanthus chaetodon
Lepomis marginatus
Lepomis macrochirus
Lepomis gulosus
Lepomis punctatus
Lepomis auritus
Lepomis microlophus
Lepomis gibbosus
Lepomis cyanellus
Lepomis megalotus

3.3 (a)
3.5 (a)
3.5 (a)

Published
min. pH

3.7
4.1
4.1

3.5

mod. tolerance

intolerant
4.0

4.1
intolerant
intolerant

* indicates only one occurrence

Table 2: The results of DCA for the 38 sites used in this study.
1
Eigenvalue
Length of Gradient
% variance
explained

0.761
3.71
24.8

Axis
2
0.518
3.32
16.9

3
0.156
2.62
5.1

4
0.070
2.21
2.3

Total
3.064
49.1

This
Study
min.
pH
4.1
4.12
6.54*

max.
pH
8.06
5.1
6.54*

4.36
5.18
4.75
5.70
5.70
6.12
8.06*

6.15
8.49
8.49
8.49
8.49
8.49
8.06*
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Table 3: The mean number of individuals captured at each of 54 sites in the family
Centrarchidae. Columns three through five are the results of Spearman ranked
correlation of standardized species abundance with pH.
Species

Mean (+ SE)

Corr.Coef.

Centrarchus maculatus

1.8(0.54)

-0.35

0.025

Enneacanthus obesus

0.5 (0.24)

-0.36

0.018

Lepomis macrochirus

2.5 (0.86)

0.55

<0.001

Lepomis marginatus

2.3 (0.77)

0.06

0.701

Lepomis gulosus

1.1 (0.21)

0.02

0.905

Lepomis auritus

1.1 (0.35)

0.23

0.147

Lepomis punctatus

0.8 (0.27)

0.42

0.005

Lepomis microlophus

0.3 (0.16)

0.38

0.012

P

Table 4: Results of paired comparisons between the percentage of time spent within the
high and low regions during treatment trials and corresponding regions during control
trials for each of the three species used in the behavioral experiment.
Species
Enneacanthus obesus
Lepomis marginatus
Lepomis macrochirus

n
treatment
control
treatment
control
treatment
control

15
10
14
10
15
10

P
0.831
0.641
0.002*
0.420
<0.001*
0.855
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Figure 1: Top view of the behavioral arena. The arena consisted of a 38-1 aquarium with
a glass partition sealed along the center line. Water was mixed to the appropriate pH and
stored in one of two 200L mixing drums. Flow rates were maintained passively at 3.0L
per min. via 1.27 cm diameter tubing. Arrows indicate direction of flow.

51

52

Figure 2: Species abundance curves graphed along the first DCA axis. This axis
accounts for 27% of the variation in the data and has a significant negative relationship
with pH (R2=0.30, p<0.001) such that sites with low DCA scores have higher pH while
sites with higher scores have lower pH. No other environmental variables showed a
significant relationship with this or other axes.
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Species Curves along DCA Axis I

(higher pH)

(lower pH)
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Figures 3,4, and 5: Percentages of total trial time spent in each region by Enneacanthus
obesus, Lepomis marginatus, and L. macrochirus. Bars represent means with standard
errors.

55

E. obesus

low mix

high

L. marginatus
1.0
<D
£
'<4-^
03
o

0.5

0.0
low mix

L. macrochirus

Chapter Three
Summary and Conclusioi
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Summary and Conclusions
Differences in fish assemblage structure are due in part to the variation among species in
their response to the environment. The sunfish assemblages observed during the field
portion of this study suggest that acidic conditions are responsible for much of this
among species variation. A complete turnover in assemblage composition was observed
with increasing acidity. Acid tolerant species like Enneacanthus obesus and
Centrarchus maculatus were more commonly associated with low pH and conversely,
the acid intolerant Lepomis species were associated with higher pH. This suggests that
acidity is a factor in determining the assemblage composition of sunfishes in blackwater
streams.

The behavior observed in the laboratory experiment indicates that some fishes are
actively avoiding acidic areas. The acid tolerant species, Enneacanthus obesus, did not
exhibit a preference for a particular pH region. The two Lepomis species demonstrated
an avoidance of both low and intermediate pH regions. These results are congruent with
the interpretation of the relationships determined in the field. Because the Lepomis are
avoiding water with low pH, acid tolerant species like E. obesus may be able to exploit
new or unused resources in environments devoid of other sunfishes.

Although I cannot draw conclusions about the specific resources or mechanisms driving
the relationships determined here, I can suggest some areas of focus for future work. The
family Centrarchidae seems to be more flexible in their tolerance of environmental
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extremes such as reduced pH or low oxygen than other groups of fishes, e.g. cyprinids or
percids. Are these fishes inhabiting these areas simply because their physiology allows,
or is their plasticity a response to competitive pressure from other fishes? Sunfishes as a
whole are aggressive and the competitive relationships among most southeastern species
has yet to be determined. Acid tolerant species may be escaping competition for food,
shelter, or spawning sites. Regardless of the particular mechanisms underlying the
associations and behaviors observed here, this study has demonstrated that changes in
acidity affect habitat choice by individuals thus influencing assemblage structure.

Appendix one:
Field site locations
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1. Ditch A-9, Ft. Stewart, GA
2. Stocking Creek on Nature Conservancy property near Metter, Emmanuelle Co.
3. Beaver Dam Creek crossing Hwy. 301 north of Sylvania, Screven Co., GA
4. Mill Creek crossing Hwy 301 north of Statesboro, Bulloch Co.
5. Mann Branch crossing Hwy 301 north of Statesboro, Screven Co.
6. Gum Branch crossing Hwy 67 south of Statesboro, Bulloch Co.
7. South Fork of Ogeechee Creek crossing Hwy 301 north of Statesboro, Screven Co.
8. Luke Swamp crossing Hwy 46 Bulloch Co.
9. Reed Branch crossing Hwy 67 south of 116
10. Canoochee Creek crossing FS 11 bridge 53, Ft. Stewart
11. Overflow stream for McKinney's Pond, Emmanuelle Co.
12. Stream crossing Hwy 25 at mm 31, Bulloch Co.
13. Stream crossing Hwy 25 at mm 35, Bulloch Co.
14. First stream crossing Hwy 25 in Jenkins Co.
15. Richardson Creek crossing Hwy 25, Jenkins Co.
16. Ditch across from cingulatum site, Ft. Stewart
17. Floyd Branch crossing Hwy 24, Bulloch Co.
18. Mill Creek crossing Hwy 24, Bulloch Co.
19. Brier Creek crossing Hwy 301, Bulloch Co.
20. Mill Creek crossing Hwy 301, Bulloch Co.
21. Borrow pit north of ditch A-9, Ft. Stewart
22. Ditch A-9, Ft. Stewart
23. Borrow pit south of ditch A-9, Ft. Stewart
24. 15 mile creek crossing Hwy 80 west of Statesboro, Jenkins Co.
25. Luke Swamp crossing Hwy 46 Bulloch Co.
26. Wetland at end of Doe Run Rd. off Hwy 46, Bulloch Co.
27. Borrow pit, Ft. Stewart
28. Taylor's Creek crossing FS 47 A, Ft. Stewart
29. Taylor's Creek in A20, Ft. Stewart
30. Clyde Creek crossing FS 29, Ft. Stewart
31. FS 67 in C-13, Ft. Stewart
32. Mill Creek bridge 2, Ft. Stewart
33. Bridge 64 Canoochee, Ft. Stewart
34. Bridge 49 on FS 30, Ft. Stewart
35. Trail 17x Canoochee, Ft. Stewart
36. Bridge 24 Canoochee, Ft. Stewart
37. Landing 26 Canoochee River, Ft. Stewart
38. Bridge 3 Canoochee River, Ft. Stewart
39. Oxbow off Canoochee River, Ft. Stewart
40. Landing 15 Canoochee River, Ft. Stewart
41. Landing 14 Canoochee River, Ft. Stewart
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42. Landing 15 Canoochee River, Ft. Stewart
43. Borrow pit A-l, Ft. Stewart
44. Glisson Mill Pond, Ft. Stewart
45. Landing 27 Canoochee, Ft. Stewart
46. FS 238, F-15, Ft. Stewart
47. Small creek crossing FS 17, Ft. Stewart
48. Long Branch, Ft. Stewart
49. Bridge 11 Canoochee, Ft. Stewart
50. Rd 53, A-7, Ft. Stewart
51. Bridge 10, E-10, Ft. Stewart
52. Canoochee Creek FS 144 and FS 20, Ft. Stewart
53. Beard Creek, Ft. Stewart
54. Ogeechee River C-17, Ft. Stewart

Appendix two:
Species Occurrence
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Appendix three:
Environmental data
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site
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

shock
pH mV
1789
4.36
1500
6.15
1500
8.06
1714
6.12
545
6.49
443
6.23
600
5.98
1100
5.14
900
6.16
5.15
756
1500
8.49
400
6.13
438
6.24
372
6.57
300
6.38
477
4.92
704
6.54
743
6.26
6.13
644
393
6.21
4.86
723
4.75
600
5.88
433
5.28
900
4.38
1118
1727
4.12
336
744
703
304
604
428
4.61
582
4.6
301
6.47
1798
6.6
1604
6.8
5.95
6.8
674
1380
5.7
1202
5.9
200
5.7
1829
4.6
856
6.9
1283
7.1
974
5.9
680
4
1972
4.1
1814
4.1
1563
4.7
1933
5.7
1617
3.9
801
6.1
981
2315
6.01

Temp

165

168.8
166.6
62.8

11

DO

CaC03

depth

current

10.7
24.4
19.1
15.9
16.3
18.9
12.4
13.8
15
15.3
15.5
22.8
22.5
22.3
22.4
18.3
26.5
21.6
18.4
18.7
28.9
26.7
32.5
23.2
11.8
18
28
21
27

0.21
1
1.25
1
0.75
0.5
1
1.25
1
1
1
1.5
0.8
0.5
0.9
0.5
0.75
1
0.75
1
0
0
0
0
0.75
0.25

26
29
29
27
27
24.5
30
29
28
26
26
27
26
24
23
13
14
15
15.5
14
15
17
22
26

3.4
6.5
2.9
1.6
5.5
7.6 28 1.5
4.6
8.8
5.4
5.6
5.4
6.5
8.4 8
5.8
16
7 22
9.5 20
7.8
8
6.6 20
7.8
20
4 20
6 22
5.7 10
7.6 24 1
4.3 44

1
2
2
2
1
1
2
2
1
4
4
1
2
2
2
1
1
2
1
2
4
3
4
3
1
3
1

3
2

1

